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I.ASFER-INDLJCED THERMAL ACOUSTICS (LITA)
FOUlR-WAVE MIXING MEASUREMENT OF SOUND SPEED. THERMAL DIFFUSIVITY. AND VISCOSIT

E.R Cummings
G;RAMt MT. AFMONAun1cA. LAROMA70NIF-S

CAl JR)RIA lwmTI12T 01 flmCiNormloY
Pasadena, CA 91125
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mre high. as in many flows or practical gas-dynamic and aerothersnochtmlcal interest. For cx~mple, high molecular density is a
req~uirement for the rapid chemical reactions needed In advanced propulsion systems. Thle hydrodynamic lifetime of the LITA
interaction suggests new applications of th., technique. among which we measurement of velocity by analogy with lawe Doppler
velocirnetry and measurement of vorticaty. for which there is no conventional analog.

Ibis anicle outlinets the development and carly experiments or this measurement tcchnfque. First. the physics of LITA
measurement; is discussed. A brief' sketch follows of the derivation of the inadlyical expression for the LITA signal. The
riperarnental setup used at (;ALI.T is then presented along with the results of the early experiments. Finally. future directions am
tuggoesid for t.ITA application and c~ondusioris am drawn,

I IT'S it aImlaer-indmacd d)-anmk grating technique simmila to CARS and DFWM. The principal difference between these
ivthniues and I IT'S is fth I' toInoil inear) prtocess that produces the signal. L ITA employs a combination of oplo.acouSstiC and

ailsiti'tooi effects Light firin a pou'erful. fast-pulsed -drwcr Lase (e~g.. I1 I(WO mi. I -0 lns) generates acoustik waves bay
4lla~viuk. eflexiI ekC~tfmtcison and rapod thermaltratson

! L tiimv eli ir~ s ,susd t" fth irmdenc of potanvih*ilemolecule to minimire their potentialenergy by clustesingan regions
Nig~ah tjik.i elextr held onscnsit% 1 Fkxtrostncaaon has the effmt of lowering the pressure in regions of high field. When the

~U~stcimt i1thre it a rvms~urr unhatlxae that prijwaset as xmivtc wpavrs This effect is propxtonaoal to the real pul of the

;1v titl cflYti it a multiple atep proUtrss that relies u"o nvxlcutw ccilisions First, molecules of the gas absorb energy
!!v hr tit law' Iaro md tuvr it on rsitited stages utacn the diriver laser resonates with an absorption line of the gSm. Next. inelastic

'rw k4ca 4111i.salnýsw tviantr1r parl (it thr etcited stae enoeap to mroolmrcuiar kinetic or roational eniergy. This conversion may require
1,..a 1-ca ýcilitbaus tc g 4- l(I. w man% ic g. huindreds). depending u"m the ccomposition of fth gas. Finally, elastic moleculat

.da1iwsinws equolutirae the tek.i atar M~ the molmueus. resulting in a rise in lemrptrature. This equilibration usually requires only a few
,ilaxvis I r g fus e So tm oThe tem "mhernallexmKion covers the conversion of lawe energy to thermal energy. Thlermialiration is
rjVwwsj iirw the Imagmarsx t PN (f the gao susseptit'.Iats

In avdri bir the thsrimirax-m~ us'poiduur acousik wais ti efrocctl). the drop in gas density acomwanying the rise in temperalurc
Mut 6harlt Lag that (4 equilitioatkin The density should t'c "froin-r - on the time sc2l of theranalization (rlib). Density changes

z rxdtumr tral (1hO kteruitiK Al% at fte stunJ speed " or Thermnalization must occur on a time scale comparable to or less than
the time ttw denuslt. k hatig totW3% el a rovis a chamterisisc 1. ITA length scalc (.itII. the length swale over which the intensity of the

Mtcswe . is inverselt fvIPawkVWu it' the iolliSIwa rw.e this elffmt becomes more efficient as density increases. At atmospbvrac
A-ntsaigs xd tempemaure'. IITA data dhomed that last thermaliatmion times were of the order five to fifteen nanoseconds for the
*%X C1 tiesd suae mused in these voiperimonts to( the order ten collisums s0) This compares with Alr/r, of thirty to one-hundred
rumiwniods The &ousta fields generated bay the drrver lase evolve in time and spae. They are damped by thermal diffusivity
asS jioasis Inder the lwadaima studied ntheseexpenrwmnts. ihis damping occurs onthe microsecond timiescale.

I aht ort kmga " pulse 4w(W-uounre- Iase scatters into the LITA signallby anacousto-opticeiWect. ilecause the susceptibility

A a wdmmisnialylinear sttil densuityfo acoustic disturhanices,4 the density perturhation field of fth acoustic waves generates a
A"*sis ( sth of w-is) of th atrdsgtlpvdsinftormationamthspean decay of the opto-acoustic disturbances

A44;i how-ste marooiig gannieltr It* LITA at wshown in Figure I prov~ides both spatial resolution aind coherent signal
crupe e 1wdrover lawe io split into two. hearts which Cros at A small angle (0.5 - 5 degrees) in the gas. 7Th LITA signal

is (fvocra" Mcdi the sample volume. 'A here these hearts intersect, providing spatial resolution. Because the driver beans yeL
.,ftretit 6ath cab aither. ihel Interfere Isiath each other in the form of an ellipsoidal grating at their intersection. T1he grating 1

'4 (2)
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s~iiipk OltiliC 3ser-indticcd acoustic structures

Into the gai% 'M, -Aourive beam incident at the IDrpqg anele scatter% tiff the acoustic struictures into a coherent

TV ovtoacou-Io elet.1 geerae %1uctrc#ifnoulaiondcpiih 011 1il ;) initially in the shape of thc c~lipe'wla
grating ThV nature ot ithe A oos %tru4 ure' generated byv the two elfec%t% i% different FIictrostriction forms two traveling acoustic
ita,.f epkcis (phonon% I and a , cr% %keak %tat ionary isobaric hdensity grating ithermion each with the wavelength of the electric field
grating Tbcncrji~tc,% enrilk* he ame wou-itic structures hut the -thermon- I% dominant The phnowns counterprofiagate in
:he directiori parallel I., the grating --t-4 tor and tlcxay by acoustic damping, The therrn4n decays, by heat conductiori. Light scattered
I roin the iotitcr laser h%~ the .mtouitit, grating structures adds cohserecrtly 'wh'n the %source laser i-. Incident at the Bragg angle or the
grating A~s shown in Figure 1. the Bragg-wcattered light emerges in a lobc or laser-lake beam, which may tic efficiently detected
'with large f-nun# er ONptav Thi% 14eAtsC is attractive where optical acce- it. limainedo -A"er lminosity mandates large f-niumtber

Each aca'ust% (it %I rut It %.tatwr~ IIg hIIt irn , the %4 mrve lawe ontIotIhe dletect or. II thcre as r % ino %osct ion % 7Ioc it y. I ght scattered by
t hephonraw mov InI; upssu % rItIn 1: 1: ure I hsa% lI oppler' red -%h iIt **L g ht %c at tered b%~ i ,, .on pugai cphonon hai.a D~oppler "blue -shift .
tight scattered h% the thernion has no 1)IThpIer %halt The beating between the light %tattered by these structures modulatet; the signal
seen by the square-13A detector T1hree frequency componentis are present in the signal modlulatoio (neglecting damping): a DC
component. a complonent at ithe *1rillouin" frequency. r. i,%,, caused by pho~non/thermon signal mixing. and a component at twice
the Brillouin Irequenc%. %aiised s maixing of signals generated by the ton 'Pugate phonions. A s;tronig phono/t~hermori frequency
component I% only present if the thernmali/ation efrect is present. This additional frequenci component allows distinction of the
therinaltiatiora andi electrostiction effects wshen the two are of comparable magnitude The real and imaginary parts or the gas
s-uwcptibility may thuts he measured independently using I.ITA.

Analyst% oftLITA Signal.%

This section outlincs the dersisation of an analytical expression for the amplitude and time history of the LITA signal. This
expression allows the magnitude oif LIMA signals to be estimated ti looprmnv for experimental feasibility studies and the actual LITA
signal to be interpreted quantitatis cly. with very good experimental agreement. The analysis treats the opto-acoustic effects and the
hydrodynamnic c% olution of the acoustic structurcs using the linearized hydrodynamic equation%*. Thc perturbation solution for the
far field of light scattered off a dielectric disturbiiii accounts for the acouito-optical effect". A simple analytical result is obtained
for short-duration Gaussian driver beams. tnlinite-extcrit. monochromatic source beam, and single-ratc-dominated thermaliration .

Opto-acoustic effects appear ax source terms in thc closed set of linearized hydrodynamic continuity. momentum, and energy
equations. Thcrnialitation behaves likc a temperature source in the energy equation while electrostriction forces the momentum
equation. In terms of perturbations in density (p'). temperature.(, I)h. these equations arc

OpI+ I' . (3)

fit

fl ill II
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where perturbation terms are indicated by the subscript '1', tP1 = V • ul, and V2 _= 02 /Ox 2 + O2 /09y 2 + 82 /Oz 2 . The
parameter y is the ratio of specific heats of the medium (cp/cv), a is the thermal expansion coefficient (-( 1/p) (Op/OT);). es is

the isentropic sound speed, DV is the longitudinal kinematic viscosity (1ip (qh, + (4/3)77,)), and DT is the thermal diffusivity.
The boundary and initial conditions are

pl(r,t = 0) = 0; 4'1(r,t = 0) = 0; TI(r,t = O) = 0, (6)

pi(r,t) --+ 0; 01l(r,t) - 0; T1 (r,t)--0, as IrI-"oo.
Here, ihe mean flow velocity is assumed to be zero. This assumption leads to a loss of generality because of the lack of Galilean
invariance of the system. The general case of arbitrary mean flow velocity will be explored in an upcoming extension of this work.

The electrostriction source term (ý,,(r, 1)) is approximately

ReI{\(wd) EV2I(r)P(t), (7)
P

for mi~all density perturbations. The parameter Ed is the total energy of the driver beams during a pulse, P(t) is the normalized
temporal profile of the driver laser, 1(r) is the normalized driver laser field intensity in the sample volume. This term is proportional
to the real part of the gas susceptibility at the driver frequency, wd, where X =_ (/() - 1.

The thermalization term 'Ith (r, t) describes the conversion of energy from the driver la.%r beams to heat. While this process
may be arbitrarily complicated, a single-rate rate equation for the excited state energy (11( r. t )) with diffusion effects approximates
the character of the process:

'/•1(r.t) -- ..21!....1(r t) (8)

M ,,,hI + ".* - I)qV "I -2..dhn{\(..d))E~gI(r)P(t)• (9)

S(r.t = 0) - 0.

where U(r.t) is the excited-statc energy density field, 11h is the rate of loss of excited-state energy to thermal energy. "v,th is the

rate of excited-state energy loss other than to thermal energy. D., is the diffusivity through the gas of excited molecules, and c,,

is the heat capacity of the gas at uo, stant volume. If thermalization is rapid enough. l'th behaves like a delta function rendering
the hydrodynamic behavior thcrmalization-ratc insensitive. If a single thermalization rate model does not adequately describe the
system. the linearity of the equations allows solutions using different rates to be superimposed to simulate a more complicated
energy conversion. Thermalization was approximated by independent fast (e.g.. 10 ns) and slow (e.g.. 100 ns) processes to fit the
LITA data presented later.

Equations 3.4,5, and 9 may be solved by applying Fourier and Laplace transforms' 3 . The resulting set of linear algebraic

equations has the solution in terms of the Fourier transform and Laplace variables q and .q respectvely:

l(q,') I ',:q 2'1(q) !'(.) -2:-%+ .)l l e\,,)} + --- lhh , X( )] (10)
p p *l(q,.") I ")1Ii, (. + 11h + 101, + I ,q")

where perfect gas behavior has been assumed. The quantity A i (q, h") as the chl'racteristic equation of the system of algebraic

equations.
AI(q.s) = s' + (1),q" + " VIDq").," + (C q, + 1 O),rq'I,.q2').' + c~q'l)Tq'. (+1)

The roots of the cubic equation A(.-,. q) = 0, provided AY is much larger than the mean-free path of the gas, are very nearly

. a = - q,

-- N, =-I'q' + ir,q. and (12)
= -' - ir,q.



where r is the classical acoustic damping coefficient, (l/2[(y - 1 )DT + DV]), and c•. is the isentropic speed of sound.

A partial fractions expansion of equation 10 in the roots of t simplifies Laplace invc-sion. There arc four terms in this expansion.
"Two terms corresponding to the real roots of the denominator combine to describe thc formation and decay of a thermon. The terms
resulting from the two imaginary roots describe the formation of conjugate phonons. The acousto-optical effect is modeled using

the perturbation solution 8 for the far-field of light, Es. scattered from a source beam by a small disturbance in the susceptibility at
the source-beam wavelength, XI (r, t; wo).

Es(R, t; q) -- exp i(ks. P- - ,o0t)X I(q. t:,,o). (13)
4irR

where q is the change in wave vector from the source to the scattered beam. The scattering direction and strength are dictated by
the spatial Fourier transform of the susceptibility disturbance:

X I (q, 1: _;o) = ] 'rexl)(tq• r){ I I r. t:; ,)1. 14)

The susceptibility of a gas is closely proportional to the gas density for small density changes, thus.

xpiq. 
(Iqt))

P

The right-hand side of this eouation is known in teonms of the driver I-se parameters. Thus, combining equations 10. 13. and I5. the
scittered light field is known in terms of the imposed lasers and parameters of the gas medium including the sound speed. thermal
diffusivity. and acoustic damping coefficicnt.

The scattered signal emerges as a coherent beam with the divergence angle limited by diffraction from the small sample volume.
Integrating the square of the scattered electric field over the detector area yields the total LITA signal intensity. Signal strength
may be expressed as a reflectivity, or ratio of the signal beam to source beam intensity. The magnitude of the LITA reflectivity is
of the order 10- 4 for room air with a thermal modulation depth of 1 % in a two-millimeter-long sample volume, without resonant
enhancement at the source-laser wavelength. Experiments at GALCIT used a one-Wait CW Ar Ion laser for the source laser. From
reflectivities of this magnitude. a milliwatt-range He-Ne source laser could provide usable signal levels.

In the limit of rapid thermaliation. short driver-laser duration, and flat source-beam intensity. the expression for the temporal
LITA signal becomes

il I ilt) •x .. ,,x1{ -Aex q1) 4- IirE)%4E,,,I 4- *)E}Xl{ ! i )t. (16)

where q9 = 2r/Ao is the driver beam interference grating vector, and ;1. I/. and , are simple algebraic functions of gas and laser

beam parameters. Where the approximations listed above are not valid, spatial and temporal convolutions of laser-beal profilem
augment the analysis. While generally these convolutions require numercs, all of the parameters Which augment the analysis are
readily measured except the thermalition rates. These rates may either be inferred from the LITA data. estimated from published
data, or ignored provided they are much faster than the acoustic motion.

LITA ExpmerintldI Seup

The philosophy behind the development of LITA has been to obtin the most accurate and robust gas-dynamic nesuements

with the least experimental and analytical complexity. Common and relatively inexpensive tuncale or fixed-frequency lasers

may be used for LITA. While LITA requires wide-bandwidth signal degection and recording and geometrical phase-matching,
thes experimental complications are offset by the Intensity of the LITA signals and the ese in signal analysis. Furthermore.

LITA measurement of the sound speed provides the ga temperature if the caloric equation of %tate of the gas is known. Other

spectroscopic techniques usually measure temperature by Scanning A Mrtationial Iod of a well-studied diafomic molecule with
accessible transitions, of which there is only a handful. The populations of thes boods must be inferrd from the signals. not

a trivial practice in some diagnostics. and then fit to a Boltmann distributlion to Obtain lem1erature. LITA themiometry may be

(lone entirely nonresonantly or resonantly using uity absorption line. pmovided some absorbed energy is thernnalind on the LITA

time-scale or faster. This freedom in absorption-line chtice may significantly simplify experiments by eliminating the need for
frequency conversions into the 1JV or IR.



Figure 2 shows a schematic diagram of the experimental apparatus used in LITA experiments at GALCIT. The driver laser is
a home-brew narrowband pulsed dye laser oscillator/amplifier with a noise bandwidth of about 3 GHz. Pumped by a Continuum
Q-switched, frequency-doubled Nd:YAG laser model YG-660 at about 150 niJ/pulse, the dye laser output is about 30 mJ in
approximately 5 ns pulses. The laser operated from about 587 nm to about 592 nm during these experiments.

400 mm . leoa w .spleT- V1 PIN.ONphotodiodel

TO0 D.9. 480-600 nm

44 mJ U. d a se

Figure 2. The LITA experiments conducted at GALCIT usc a Nd:YAG pumped dye-laser for the driver laser and a CW
argon ion laser for the source. The LITA signal is detected by a fast PMT and recorded by a fast DSO.

Approximately thrcc-millimeter-wide driver beams are formed from the dye laser emission by a 50% beam splitter and a
mirror in I. Thc crossing geometry of the beams ensures that both beams travel similar lengths to the sample volume so that phase
coherence between thc beams as not lost. Mirrors m., and ni,; are adjusted so that the driver beams are parallel and enter the 400
mm lens symmctrically. The driver beams intersect at the focus of the lens wherc they approximate finite plane waves abo~ut 200 iam
in diameter. The beam crossing angle is set by the distance between the parallel be~ams, adjusted using micrometer translation stages
under mirrors in , and in •. BOXCARS geometries 5 with crossing angles ranging from 1.00 to 2.30 wcre used in these experiments.
Detection of the driver beam pulse by a silicon PiN photodiodc, P1 (Thor labs, model DET-2S1), triggers the acquisition of the
LITA signal. The source laser used in these experiments is a CW argon ion laser operating at 488 nm with a 1 W output power
(Spec'tra Physics Model 165). The sourcc laser should have a coherence length longer than the interaction region, typically two to
ten millimeters. because phase noise of the source laser manifests itself in the washing-out of the modulation of the signal beam.
Future experiments are planned using a flashiaanp-pumped dye Ilaser with a pulse duration of about 800 ns, a pulse energy up to 3
J, and a linewidth of abo~ut (1.(1(3 nm. Ulnder the same conditions, this laser will provide one million times the signal obtained from
the Ar ion laser, providing incoherent-scattering-limited sensitivity.

The source beam passes through a two-lens system which adjusts the beani width, ranging from about 200 jamn to 2 mm in
these experiments. The mirror in poix)nts the source beam at the sample volume. Phase-matching adjustments are made using a
micrometer-driven translation stage undler ii' I. A silicon PIN photodiode. p2. monitors the intensity of the source beam during the
LITA interaction.

Thc detection system co)nsists ol a last photomultiplier tube (PMT, Hammanatsu model OPTO-8) with at least a 500 MHz

signal bandwidth and optical filters to prevent contamination of the signal by otherwise scattered light, luminosity, room light. ctc.
The filters include a 10) nm bandpass interference filter centered at 488 nm and a 40 mm lcns/20 jam pinhole spatial filter. The
LITA signal path-length to the detectlor is about 2.5 m. The PMT power supply (Fluke 41 2B) was carefully filtered to eliminate RF
noise-Dources.

[)aw are recorded using a ! (IS/s. eight-bit., two-channel digital storage o.scilloscope (DSO) (HP 54510A). This records
typic'ally 5(XI-to-2(XX)-sanple timen histories of signals from the PMT and P2. trggered by the signal from I'l. When needed.enemglre averaging eliminates shots nosc from weak LITA signals. Otherwise, measurements require only a single driver lalar
pulse. Data from the DSO) mi down-liaded via a mPIB interforc to a computer for analysis.



During the earliest experiments, LITA signals were measured from the laboratory air, which had essentially the samiecomposition
as the outside air. According to the Southern California Air Quality Management District, this contained less than 50 parts-per-billion
of the pollutant NO,) during the days of experimentation. In spite of the low concentration and the relative weakness of NO 2
transitions near 589 nm, LITA successfully detected the trace species. In later experiments, NO 2 was seeded into the air near the
sample volume by reacting copper and concentrated nitric acid in a beaker. Future tests are planned to explore the parameters of
LITA quantitatively in a high-pressure, heated bomb with optical access.

Experimental Results and Discussion

The earliest set of LITA experiments using laboratory air was completely nonresonant, the signal arising completely from
nonresonant electrostriction. In these experiments, the signal scattered from the Ar ion laser was very weak, roughly 30 photons per
nanosecond (reflectivity of -, 10-8 with the I W source beam). Ensemble averaging provided usable signals. An average of 256
shots yields the nonresonant data plotted as the dotted curve in Figure 3. The frequency of the modulation is about 26 MHz, twice
the Brillouin frequency, yielding a sound speed accurate within the uncertainty of the knowledge of the laboratory sound speed
(-,,0.5%). The signal recorded near a line of N 02 appears as a dashed curve in Figure 3 for comparison. Resonant enhancement of
the. real part of the susceptibility of the gas is responsible for this signal increase. The signal recorded near the peak of the absorption
line is the solid curve plotted in Figure 3. On this curve the dominant frequency modulation is at the Brillouin frequency, caused by
interference between the signals scattered by the phonons and the thermon.

9(4

0.8 t

I sl 100 150 200 15O 300 350 400 450 500
time from driver laser ftring (nm)

Figure 3. The nonreonanl electrostricllve signal (dotted curve), near-resonant electrostrictive signal (dashed curve)
and resonant signal (solid curve) are plotted for comparison. The resonant signal modulation is mostly at the

Brillouin Irequency. Off-resonance signal modulation is mostly at twice this frequency.

A LITA "spectrum" of the susceptibility ol the gas appears in Figure 4. The spectrum was taken by scanning the driver

laser between test runs and is intended to suggest the capability of the technique. It is not to be interpreted quantitatively because

the discrete frequency step in the spectrum was about 12 GHz. much too large to resolve liues of the gas. A spectrum of the

complex susceptibility of the gas may be obtained by analyzing each measurement. Future spectral studies are planned when the

":ascr-scanning. data.acquisition/down-loading/data-processing systems arc automated.

¾
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Figure 4. This LITA "spectrum" of trace N02 consists of 256-shot ensemble averages of LITA signals taken approxi-
mately 12 GHz apart. In the foreground the signal comes primarily from resonantly-enhanced electrostriction;
in the background, the signal is characteristic of resonance (thermalization). The structure in between consists
of unresolved lines because of the large frequency step.

Seeding the gas with NO 2 provided LITA signals that were several orders of magnitude stronger than the signals obtained from
room air, with estimated reflectivities around 10-4. True single-shot measurements of the sound speed and transport properties
were taken. A sample single-shot LITA signal appears in Figure 5. The driver beam crossing angle was 1.040, yielding a grating
wavelength of 32.3 /m and a Brillouin frequency-of 10.7 MHz. At high concentration of absorbing species, the thermalization
effect swamps the electrostrictive effect. Figure 6 shows a four-shot average of the LITA signal obtained when the beam crossing
angle was widened to 2.3 0 (grating wavelength of, 14.5 /im; Brillouin frequency of 23.9 MHz) Damping of the waves occurs on
a time-scale proportional to the square of the grating wavelength. In Figure 6 the theoretical LITA signal is plotted with a dashed
curve, showing excellent agreement with experiment. The sound speed and transport coefficients used in the fit are published values
for dry air. In these tests, thermalization occurs on a time scale comparable to the inverse of the Brillouin frequency. Thus, the
simple single-rate model of thermalization which applies when such rates are poorly resolved is replaced by a model consisting of the
superposition of two single-rate thermalizations: a fast -I10 ns process and a slow - 100 ns process. The two rates and the relative
balance between the processes are three independent fitting parameters. A better fit to the data could be obtained by adopting a more
accurate thermalization model and source-beam-profile model (a top-hat profile is assumed) and including the effect of source-beam
phase noise. Future experiments will seek to refine these models. Because of the resolved unknown thermalization behavior, the
uncertainty of transport property measurements is high. Experiments conducted at high pressures, where thermalization rates are
much faster, are planned to confirm the accuracy of the expression for the LITA signal with no degrees of freedom (in the limit of
rapid thermalization rate).
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Figure 5. [a] This single-shol LITA signal of N 0 2 -seeded air was taken with a grating wavelength of 32.3 /im. [b) This
four-shot average LITA signal of seered air was taken with a grating wavelength of 14.5 jim. Damping-rates
increase as the inverse square of the grating wavelength. The theoretical fit to this data is plotted as the dashed
curve, showing excellent agreement.

Future Directions

It is premature to gauge at this early stage in the development of this technique what its future capabilities or applications might
include. However, there arc several interesting applications already under consideration. The measurement of transport properties of
gases is very important in several fields including gas-phase chemical modeling and hypersonics. To the author's knowledge, LITA
provides the most direct nonintrusive measurement of these properties. The measurement of sound speed provides the temperature if
the gas composition or caloric equation of state is known. While this is not a direct temperature measurement, the considerable ease
with which the measurement is perform'ed has merit. Furthermore, the "direct" measurement of temperature via fitting populations
to Boltzmann distributions often requires a great deal of spectroscopic and energy-transfer knowledge. LITA's ability to measure
temperatures accurately from the very first signals without any calibration speaks in it's favor.

While the measurement of these gas-dynamic parameters has been discussed throughout this paper, there are several other
applications that are evident. LITA has provided information about the rates of thermali7ation of excited-state energy. LITA could
in the future become another window in the study of molecular and atomic energy transfer. The ability to detect and measure the
complex susceptibility of trace species suggests that LITA could be employed in atmospheric pollution detection and spectroscopic
studies.

Another application of LITA is flow-velocity measurement. When the acoustic structures generated using LITA convect in a
flow, the light scattered off them generally has a Doppler shift. This Doppler shift may be measured by time-resolving the LITA
signal heterodyned with the unscattered source laser. The strength of the scattered signal in LITA makes this technique practical.
Preparations for future experiments in LITA velocimetry have begun. Yet another potential application of LITA is the measurement
of strong vorticity. The phase-matched scattering angle of a LITA structure immersed in a fluid with local rotation will similarly
rotate. Thus the direction of emergence of the LITA signal could be used to infer vorticity.

In all likelihood, the pursuit of these various applications will point toward others. In the near term, however, the analysis of
LITA signals and techniques of LITA measurement will b. refined. Careful parametric studies will be performed to validate the
analysis and find the limits of the technique.



Conclusions

Laser-induced thermal acoustics (LITA) is a time-resolved four-wave mixing (FWM) technique for gas-phase measurement of
sound ;pe.d and transport properties. It is different from conventional four-wave mixing techniques in that the optical nonlinearity
is s cýuence of opto-acoustic and acousto-optic effects. The interaction lifetime is dictated by the damping processes of acoustic
attenuation and heat transfer, which occur generally on much longer time scales than dephasing and quenching. Thus the LITA
signal may be resolved in time in a single shot using a fast detector and fast sampling oscilloscope, not the multiple-shot optical
delay scanning techniques often required for time-resolved FWM. LITA has demonstrated excellent sensitivity in the first round of
experiments. Detection limits of weak spectral lines of NO 2 in atmospheric air of less than 50 ppb were observed using relatively
weak lasers. LITA sound-speed measurements were accurate within the uncertainty of the calculated laboratory sound speed

(0.5%). LITA can also measure the complex susceptibility of a gas. Frequency scanning experiments enable the measuremcnt of

susceptibility spectra. In gas seeded with NO2, reflectivities of the order 10- were estimated. In both magnitude and time-history,

the LITA signal is accurately represented by an analytical expression for the LITA signal derived from the linearized equations of

hydrodynamics and light scattering.
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